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Preface

The dimerization partner (DP), retinoblastoma (RB)-like, E2F and MuvB (DREAM) complex

provides a previously unsuspected unifying role in the cell cycle by directly linking p130, p107,

E2F, BMYB and FOXM1. DREAM mediates gene repression during G0 and coordinates periodic

gene expression with peaks during G1/S and G2/M. Perturbations in DREAM regulation shift the

balance from quiescence towards proliferation and contribute to increased mitotic gene expression

levels frequently observed in cancers with poor prognosis.

Cell cycle regulated gene expression is highly coordinated within and between each phase of

the cell cycle. The coordinated periodic expression of hundreds of genes with peaks during

G1/S and G2/M in human cells was recognized 10 years ago 1. On receiving appropriate

growth factor signalling, a quiescent cell will enter the cell cycle, pass the restriction point

and, during the G1 to S phase transition, turn on genes required for DNA synthesis (Figure

1A). The control of the cell cycle by RB, the product of the retinoblastoma tumour

suppressor gene (RB1), is well established (Box 1). However, the control of entry into S

phase by RB does not fully account for how gene expression is regulated throughout the cell

cycle. For example, it was never understood how RB regulated the expression of genes, such

as cyclin B1 (CCNB1), or hundreds of other late cell cycle genes, whose mRNA levels peak

during G2/M and whose protein products are required to complete mitosis. In contrast to the

cyclical waves of gene expression present in cycling cells, expression of nearly all genes

required for DNA synthesis and mitosis are reduced when cells exit the cell cycle and enter

into the quiescent or G0 phase in response to differentiation signals or absence of growth

factors. The ability of RB to promote or maintain entry into the quiescent or G0 phase of the

cell cycle was also never a specific part of the RB cell cycle model as illustrated in Figure

1A. Thus, there has been indirect evidence for additional cell cycle regulatory pathways that

are not reliant on RB.
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Recently, several unexpected discoveries revealed that the RB-like p130 (RBL2) and p107

(RBL1), together with BMYB (MYBL2) and Forkhead box M1 (FOXM1), coordinate cell

cycle dependent gene expression through a common pathway. p130 or p107 forms a multi-

subunit protein complex containing dimerization partner (DP), RB-like, E2F and MuvB

(DREAM) that represses most if not all cell cycle gene expression during quiescence. The

MuvB core component of the DREAM complex also coordinates gene expression during S

phase and G2/M through its interactions with BMYB and FOXM1 (Figure 1B). The

function of the highly conserved DREAM complex — components are conserved in

vertebrates, flies and worms — is the focus of study by many laboratories.

Disruption of the cell cycle is a well-known occurrence in cancer and many of the genes

involved in cell cycle regulation, such as MYC, cyclin D1 (CCND1) and RB1, are known to

be deregulated, mutated, amplified or lost during tumour progression. Because of these

perturbations, understanding the coordination of gene expression during the cell cycle has

been a focus of cancer research for many years. Moreover, since BMYB and FOXM1 are

overexpressed in a number of tumour types, understanding the function of the DREAM

complex and the MuvB core during tumorigenesis has become an area of research focus. In

this Review, we discuss DREAM and the MuvB core, their known functions within the cell

cycle and the relevance this has for cancer research.

MuvB genes and protein complexes

Caenorhabditis elegans and the synMuv genes

The laboratory of Robert Horvitz identified a signalling pathway in Caenorhabditis elegans

that controlled vulva development2 (Figure 2A). Loss-of-function mutations in the Vul class

of genes led to the absence of a vulva2. Cloning of the Vul genes revealed that they were

involved in cellular proliferation and included homologues of EGF, EGFR and RAS3-5.

Increased activation of the Vul genes results in multiple vulva type organs referred to as the

multi-vulva phenotype (Muv). In addition, certain combinations of loss-of-function mutant

genes also resulted in worms with the Muv phenotype6. These genes were termed synthetic

multi-vulva (synMuv). Three classes of synMuv genes, A, B and C, emerged all of which

opposed the receptor tyrosine kinase-RAS signalling cascade required for normal vulva

development 7. While the class A synMuv genes appear to be involved in regulating EGF

expression, the class B synMuv genes corresponded to the worm homologues of RB

(Lin-35), E2F (EFL-1 and EFL-2) and DP (DPL-1) (Figure 2A) 89. In addition, the class B

synMuv genes included several genes, Lin-54, Lin-53, Lin-37, Lin-9 and Lin-52, with

unknown function 1011. The B class also contained components of the NuRD (Nucleosome

Remodeling and Deacetylation) complex and the C class contained homologues of the

Tip60–TRAPP complex 12 indicating that the regulation of chromatin and therefore gene

expression was likely to be important in the generation of the Muv phenotype in C. elegans.

Purification of the fly dREAM and MMB complexes

Biochemical studies in flies brought further insight into the function of the uncharacterized

worm synMuvB genes. In ovarian follicle cells, repeated rounds of DNA replication results

in gene amplification of the chorion locus 13. The Botchan laboratory purified a protein
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complex that could bind specifically to this locus. The complex contained Myb plus four

proteins named Myb interacting proteins (Mip): Mip130 (a homologue of LIN9); Mip120 (a

homologue of LIN54); Mip40 (a homologue of LIN37); and Caf1 (also known as p55, a

homologue of RBBP4) (Figure 2B) 14. Because the Mips had strong homology to the

previously uncharacterized worm synMuvB genes, the complex was named Myb-MuvB

(MMB). Purification of the native Mip120 and epitope-tagged Mip130 confirmed the

presence of Myb, Mip130, Mip40 and Caf1 and also revealed Lin52 and the RB homologues

Rbf1, Rbf2, E2f2 and Dp in the MMB complex 15. Mutation of Mip130 or RNA interference

(RNAi)-mediated knockdown of Mip130, Mip120 or Caf1 led to decreased chorion gene

amplification confirming the role of the MMB complex in this process 16.

In a separate study, a collaborative effort between the Brehm and Dyson laboratories

focused on identifying proteins bound to Rbf and E2f in drosophila embryo nuclear

extracts 17. They purified a complex containing Rbf1, Rbf2, Dp, E2f2, Myb and several

homologues of the synMuvB genes including Mip130, Mip120, Mip40 and Caf1 and named

it the drosophila RBF, E2F2 and Mip (dREAM) complex 17. A role for the dREAM

complex in gene repression was supported by the observation that RNAi-mediated

knockdown of E2f2, Mip130 or Mip120 led to increased expression of E2F target genes that

were typically silenced in Drosophila melanogaster cell lines (Figure 2A) 18171519.

Following identification of the fly MMB and dREAM complexes, a similar complex was

immuno-purified from C. elegans extracts and named DP, RB and MuvB (DRM). The worm

DRM complex contained LIN-9, LIN-35 (RB), LIN-37, LIN-52, LIN-53 (RBBP4), LIN-54

and DPL-1 20. Notably, Myb was not purified with the worm DRM complex 7, 20 that may

reflect the absence of an obvious MYB homologue in C. elegans 21.

Mammalian DREAM and BMYB-MuvB complexes

Identification of the mammalian DREAM complex followed the discoveries of the fly MMB

and dREAM and worm DRM complexes. The homologous LIN9 protein was recognized in

silico and found to cooperate with RB in cellular growth suppression assays 22, 23.

Immunoprecipitation of the RB-like protein p130 followed by mass spectrometry based

identification of associated proteins showed that mammalian cells also contained a large

multi-protein complex that consisted of E2F4 or E2F5 and their heterodimeric DP partners,

as well as LIN9, LIN54, LIN37, LIN52 and RBBP4 that comprise the MuvB core 24 (Figure

2B).

Notably, the mammalian p130-containing DREAM complex does not contain a MYB family

protein. Instead, immunopurification of individual MuvB core factors followed by mass-

spectrometry detected the MuvB core, p130, p107, BMYB and AMYB (MYBL1) 24, 25.

Furthermore, immunoprecipitation of BMYB, a sequence specific DNA binding factor, co-

precipitated all 5 MuvB core proteins but not p130, p107, E2F4 or DP1. This suggested that

the mammalian MuvB core binds to either p130 or p107 to form the DREAM complex or to

BMYB to form the BMYB–MuvB complex. These two distinct complexes contrast with the

fly MMB complex that contains both RB and MYB together with the MuvB core (Figure

1B, Table 1).
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The p130-containing DREAM complex is present in serum-starved or quiescent G0 cells,

whereas the BMYB-MuvB complex is found in S phase enriched cell populations 24-26.

Although several labs have shown that p107 can bind to the MuvB core, the exact cell types

or conditions when it binds have not been clearly defined 24-26. Similarly, AMYB can bind

to the MuvB core although this may occur in specific cell types or tissues 24. Earlier studies

which reported that RB binds to LIN9 or p107 binds to BMYB may have reflected results

obtained with transiently expressed plasmids22, 27. Instead RB appears to perform functions

distinct from the DREAM complex and p107 binds the MuvB core without

BMYB 22, 24, 28, 29.

DREAM controls quiescence

DREAM binds E2F regulated gene promoters in quiescence

The RB-like protein p130 is typically expressed in quiescent mammalian cells. The high

levels of p130 expression during quiescence and its ability to bind to the repressor E2F4 and

E2F5 transcription factors suggested a role for p130 in repression of E2F dependent

transcription. Indeed, repression of cell cycle gene promoters in quiescent cells is associated

with recruitment of E2F4 and p130 as well as low levels of histone acetylation 30. By

contrast, levels of p130 are kept low in proliferating cells due to ubiquitin-mediated

degradation 31.

Genome-wide chromatin immunoprecipitation (ChIP) studies of the mammalian DREAM

complex provided clues into the scope of its activity. ChIP with antibodies specific for p130,

E2F4, LIN9 and LIN54 followed by microarray analysis (ChIP-chip) found a significant

overlap of binding enrichment for each factor at hundreds of sites across the genome 24. As

expected, the binding sites identified for p130 overlapped to a large degree with those

detected for E2F4, but they also significantly overlapped with binding sites for LIN9 and

LIN54. Enrichment for one factor at any site was accompanied by similar enrichment for the

other components of the DREAM complex. This result implies that p130 and E2F4 bind to

promoters together with the MuvB core as an intact DREAM complex. Location analysis

and gene ontology analysis revealed that these binding sites were positioned close to the

transcription start site of hundreds of genes whose levels change during the cell cycle.

Notably, genes with peak levels in early (G1/S) or late (G2/M) phases of the cell cycle were

included among the DREAM targets. In contrast, ChIP studies of the fly dREAM/MMB

complex in Drosophila cell lines revealed a much broader occupancy; close to a third of all

promoters were bound by members of this complex32. This may reflect a role for the fly

dREAM/MMB complex in gene regulation beyond the cell cycle.

Disruption of various components of the DREAM complex by mutation or RNAi led to the

loss of cell cycle dependent gene repression in G0. Normally, p107 is only expressed in

proliferating cells and not during quiescence. However, knock down or mutation of p130

results in the increased expression of p107 24, 33 and formation of a p107-containing

DREAM complex in serum-starved, quiescent cells. However, if the levels of p107 and

p130 are simultaneously reduced by knockdown or knockout, then the MuvB core was

unable to form a functional DREAM complex during quiescence and repression of E2F-

dependent genes was lost 24, 29. The result is consistent with the observation that entry into
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the cell cycle from G0 occurred earlier in p107−/−;p130−/− double knock out MEFs than

in wild type cells and genes such as Mybl2 and Rrm2 were deregulated in these knockout

MEFs33. In serum-starved, quiescent cells, RNAi-knockdown of LIN9 or the combined loss

of p130 and p107 also led to increased cell cycle gene expression24. In contrast however,

Lin9 mutant MEFs arrested normally upon serum starvation and entered into S phase with

normal kinetics after serum stimulation34. E2F4 and E2F5 may also complement each other

in the DREAM complex. For example, E2f4−/−;E2f5−/− double knockout MEFs re-entered

the cell cycle from G0 with normal kinetics but failed to arrest in G1 in response to

p16INK4A (CDKN2A) 35.

The DREAM complex binds to at least two distinct DNA elements in the promoters of cell

cycle dependent genes (see also Table 2). Through p130, E2F4 and DP1, the DREAM

complex binds to E2F binding sites 24. Similar to the E2F transcription factors themselves,

E2F binding sites have been separated into activator and repressor sites. Although it is not

always possible to distinguish between them, distinct repressor and activator E2F binding

sites have been identified for a few cell cycle dependent gene promoters 36. In addition to

E2F, the MuvB core functions as a sequence specific DNA binding factor. It has been

known for many years that several genes expressed during late S or G2/M phase contain a

common sequence in their promoter regions known as the cell cycle genes homology region

(CHR) element 37. A DNA-affinity column purification of proteins that bind CHR identified

several subunits of the MuvB core complex 38. Specifically, the LIN54 subunit binds

directly to the CHR element in promoters of genes, such as CDK1 (also known as

CDC2)38, 39. For at least some promoters, CDE sites, which may represent special E2F-

binding elements, and the CHR elements are in close proximity to each other 37. An element

similar to CHR was found closely situated to E2F sites in the BMYB promoter and referred

to as the downstream repression site (DRS) and likely represents a MuvB binding site as

well 40, 41. Given their proximity and the ability of p130–E2F4 to form a stable complex

with the MuvB core, it is likely that the specificity and binding affinity of the DREAM

complex to promoters is increased when the E2F and MuvB components of the DREAM

complex cooperate in binding to more than one sequence element.

DYRK1A-dependent DREAM assembly

Different signals control the assembly of the DREAM complex and entry into the quiescent

phase. Several components of the DREAM complex have been shown to be phosphorylated

in cells. In particular, LIN52, the smallest subunit of the MuvB core, had a strikingly

variable phosphorylation pattern that was dependent on its interacting partners. When co-

immunoprecipitated by p130, LIN52 was always phosphorylated on the serine 28 (S28)

residue 29. By contrast, both phosphorylated and non-phosphorylated forms of S28-LIN52

were found in immuno-complexes of other components of the MuvB core or with BMYB.

Alanine substitution of S28 (S28A-LIN52) did not affect the binding of LIN52 to other

components of the MuvB core or to BMYB, but it reduced the binding of the MuvB core to

p130 29. In addition, expression of the S28A-LIN52 mutant reduced the ability of cells to

enter quiescence and cells continued to proliferate in response to serum starvation 29. These

results indicate that an intact Serine 28 residue in LIN52 was required for p130 binding to

the MuvB core and DREAM assembly.

Sadasivam and DeCaprio Page 5

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The dual specificity tyrosine (Y)-phosphorylation-regulated kinase 1A (DYRK1A)

contributes to phosphorylation of S28-LIN52. Loss or inhibition of DYRK1A reduced the

levels of phosphorylated S28-LIN52 and p130 binding to the MuvB core, thereby

eliminating the DREAM complex (Figure 2B and 2C) 29. The DYRK subfamily of protein

kinases in mammals has five members 42. Both DYRK1A and the closely related DYRK1B

could phosphorylate S28-LIN52 in vitro while RNAi-knockdown of DYRK1A reduced

levels of S28-LIN52 phosphorylation and DREAM complex (Figure 2B and 2C)29.

Consequently, loss of DYRK1A activity would be predicted to compromise quiescence and

increase the expression of E2F dependent genes. DYRK1A catalytic activity directed

towards LIN52 can be regulated by the large tumour suppressor 1 (LATS1) or LATS2

kinases 43. Knockdown of LATS1 or LATS2 reduced the ability of DYRK1A to

phosphorylate S28-LIN52, compromised p130 binding to the MuvB core and reduced the

ability of cells to enter quiescence and senescence 43. LATS1 and LATS2 are downstream

effector kinases in the Hippo tumour suppressor pathway that can phosphorylate the

transcriptional co-activator, Yes-associated protein 1 (YAP1) 44, 4546. Phosphorylation of

YAP1 reduces its ability to activate TEA domain protein 1 (TEAD1), a transcriptional

coactivator that promotes cellular proliferation47-50. Therefore, decreased LATS1 and

LATS2 activity, and perhaps reduced Hippo signalling, would reduce DYRK1A-mediated

DREAM complex assembly and entry into quiescence while permitting YAP1 to activate

the TEAD proteins to facilitate cell growth.

DREAM and senescence

The DREAM complex is sensitive to disruption by the same growth promoting and

oncogenic stimuli as RB (Figure 1A). For example, cyclin D–CDK4 can disrupt the

DREAM complex by phosphorylation of p130 releasing it from E2F4–DP1 and LIN9. The

N-terminal 84 residues of LIN9 are required for binding to p107 or p130 51. Expression of a

LIN9 mutant lacking this N-terminal region (LIN9-Delta84) bypasses the requirement for

CDK4 activity, resulting in increased levels of E2F target genes when CDK4 is inhibited 51.

Viral oncoproteins, such as HPV E7 and SV40 large T antigen, can also disrupt the DREAM

complex. For example, the levels of the DREAM complex were decreased in the HPV-

transformed cervical carcinoma cell lines CaSki and SiHa 52. RNAi mediated knockdown of

HPV E7 restored DREAM complex formation and induced quiescence in these cells.

Importantly, although the DREAM complex was also not detected in HeLa cells, the MuvB

core complex remained intact and was capable of binding to BMYB 53. Therefore, viral

oncogene binding to p130 disrupts binding to E2F4, DP1 and the MuvB core but does not

appear to interfere with BMYB binding to the MuvB core.

Despite these similarities to RB, the DREAM complex may serve a fundamentally distinct

role in establishing and maintaining oncogene-induced senescence. Senescence is thought to

have a tumour suppressive function through its engagement as a result of the deregulation of

certain oncogenes, such as members of the RAS family 54, 55. DYRK1A-dependent

phosphorylation of S28-LIN52 and recruitment of p130 to the MuvB core to form the

DREAM complex is required for RAS-induced senescence in human BJ diploid fibroblasts

immortalized by over-expression of telomerase reverse transcriptase (TERT) 29. Inhibition

of DYRK1A kinase activity or expression of S28A-LIN52 can suppress RAS-G12V-
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induced senescence in these cells. By contrast, Lowe and colleagues found that RNAi

mediated knockdown of RB alone but not p107 and p130 could partially overcome HRAS-

G12V-induced senescence in the human diploid fibroblast IMR90 cell strain 28. Although

these studies are supportive of the model that RB and the DREAM complex provide distinct

functions during senescence, the differences in these studies may reflect differences in the

choice of cells. IMR90 cells have a strong dependence on the RB and p53 pathways for the

induction of senescence. By contrast, BJ cells have less prominent p16INK4a (CDKN2A)

expression compared with IMR90 or MRC5 cells perhaps making them somewhat less

sensitive to the RB pathway 56. Studies in mice or specific tissues may bring further insight

into the different roles of RB and DREAM.

The switch from DREAM to BMYB-MuvB

When cells leave G0 and enter into the cell cycle, p130 is dissociated from the repressor

E2Fs (E2F4 and E2F5) and the MuvB core resulting in the release of the DREAM complex

from cell cycle regulated promoters 24-26, 53, 57. Activator E2Fs (E2F1, E2F2 and E2F3) are

recruited to the promoters of genes with peak expression during the G1 to S phase

transition 30(Figure 3A). These early cell cycle genes encode many factors required for

DNA synthesis and are a subset of the genes bound by the DREAM complex during

quiescence. BMYB is among the many genes repressed by the DREAM complex during

quiescence and subsequently expressed during the G1/S transition 24, 58, 59.

BMYB has long been known to bind to the promoters of G2/M genes such as CDK1 and

CCNB1 and activating their transcription36. However, recently it was demonstrated that

BMYB binding to late cell cycle promoters is dependent on its interaction with the MuvB

core and vice versa. For example, RNAi-mediated knockdown of BMYB or the MuvB core

reduced binding of both factors to late cell cycle gene promoters 53. Consistent with this,

both BMYB and the MuvB core bound to DNA probes derived from a target promoter,

Cyclin B2, in a manner dependent on the presence of an intact CHR element in this

promoter 38. Similarly, mutation of MYB binding sites in the survivin (BIRC5) promoter

disrupted both LIN9 and BMYB binding 57. The cooperative binding of BMYB and the

MuvB core appears to be independent of p130 and E2F4 and the DREAM complex. In cells

with little or no DREAM complex, such as rapidly growing embryonic stem cells or HPV

E7 expressing cervical cancer cell lines, the BMYB-MuvB complex undergoes cell cycle

dependent binding to the promoters of G2/M genes during S phase 52, 53.

Loss of BMYB or MuvB leads to G2/M defects

BMYB has been considered a classical, DNA sequence specific, transcription factor.

Overexpression of BMYB will activate a promoter reporter construct containing MYB

binding sites or promoters from a late cell cycle gene (reviewed in 60, 61). Furthermore, loss

of BMYB results in lower levels of late cell cycle or mitotic genes 53, 62. Importantly, the

transactivation activity of BMYB is increased upon phosphorylation by cyclin A–

CDK2 63-66. Accordingly, mutants of BMYB lacking the cyclin A–CDK2 phosphorylation

sites were unable to activate transcription 67, 68. Genetic studies in Drosophila and zebra fish

also strongly support roles for BMYB in activating mitotic gene expression during G2/

M 32, 69-71 and in maintaining chromosomal stability during mitosis72-74.
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There is an apparent paradox in the role of the MuvB core in the context of its interaction

with the BMYB transcription factor. Although the MuvB core is required for p130-mediated

repression of E2F dependent genes during quiescence 24, it is also required for BMYB

dependent transactivation of the late cell cycle G2/M genes 53, 59, 75. Notably, loss of Myb in

fly led to reduced mitotic gene expression as well as adult lethality that can be suppressed by

mutations in MuvB or expression of mammalian BMYB 16, 767771. Similarly, in mammalian

cells, mutation or decreased expression of BMYB or MuvB core components results in

decreased levels of G2/M genes accompanied by a mitotic arrest. For example, conditional

knockout of Lin9 in mice leads to embryonic lethality, with cells entering S phase with

normal kinetics but unable to complete mitosis 34. In cell lines, knockdown of MuvB

components results in reduced expression of late cell cycle genes including cyclin B1

(CCNB1), CDK1, the ubiquitin conjugating enzyme E2C (UBE2C, also known as

UBCH10), centromeric protein E (CENPE) and polo-like kinase 1 (PLK1) with little effect

on expression levels of early cell cycle genes, such as CDC6 and ribonucleotide reductase,

M1 subunit (RRM1) 25, 53, 75. Similarly, knockdown of LIN9 or BMYB results in mitotic

arrest in F9 embryonal carcinoma cells accompanied by decreased levels of B-type cyclins

and survivin (encoded by BIRC5) 57. Depletion of LIN54 also resulted in decreased levels of

late cell cycle genes, culminating in cytokinesis defects and mitotic arrest 78. Expression of a

mutant form of LIN54 containing point substitutions in the DNA-binding, cysteine rich

(CXC), domain of LIN54, inhibited cell cycle progression and decreased expression of some

G2/M genes 39, 79. These results are consistent with the model that BMYB cooperates with

the MuvB core to bind to late cell cycle gene promoters and activate their transcription.

This model does not fully explain how late cell cycle gene expression is regulated. For

instance, although phosphorylation of BMYB is required for its transactivation activity, it is

also required for its ubiquitination and proteasome-mediated degradation (Figure 3A)53, 80.

Although the presence of phosphorylated BMYB on the PLK1 promoter correlates with the

start of PLK1 mRNA expression, there is little BMYB remaining at the point in G2 when

maximal levels of PLK1 mRNA were detected 53. Recent studies now suggest that an

additional transcription factor, FOXM1, cooperates with BMYB and the MuvB core to

transactivate the late cell cycle genes 53, 81, 82.

MuvB sequentially recruits BMYB and FoxM1

Several independent lines of evidence in the literature have suggested a potential link

between BMYB and FOXM1. The two transcription factors have several target genes in

common, including CCNB1, PLK1 and Aurora kinase A (AURKA) that are required for

progression into mitosis 75, 83, 84. BMYB and FOXM1 also share common modalities of

regulation; their levels are repressed in G0 by the DREAM complex and increased during S

phase 24, 58, 85, and they become activated as a result of multi-site phosphorylation due, at

least in part, to cyclin A–CDK2 68, 86. Both BMYB and FOXM1 undergo cell cycle

dependent, ubiquitin-mediated, proteasome degradation. BMYB degradation during G2

requires a cullin 1 (CUL1) dependent E3 ligase activity 80 while FOXM1 degradation occurs

later during mitosis in an anaphase promoting complex or cyclosome (APC/C)–cadherin

1(CDH1) dependent manner 87. In addition, remarkably similar phenotypes have been

observed with the loss of FOXM1, BMYB or MuvB. For example, loss of FOXM1 results in
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delayed entry into mitosis along with abnormal mitosis and cytokinesis 83. Knockout of

Foxm1 in mice results in a block to proliferation with defects in mitosis 84. FOXM1 may

also be required to prevent DNA re-replication, particularly in mouse hepatocytes and

cardiomyocytes 88.

One of the first demonstrations of a connection between MYB and FOXM1 came from a

network analysis aimed at identifying master regulators of B lymphocyte proliferation. This

study demonstrated a synergistic activity between MYB and FOXM1 and also showed that

the expression of FOXM1 was dependent on MYB 89. Although MYB is preferentially

expressed in cells of the hematopoietic lineage, it is not known if MYB, like BMYB, can

bind to the MuvB core 90. In the same year, another study implicated BMYB in the

regulation of FOXM1 expression in embryonic stem cells 91.

More recent studies have strengthened the link between BMYB and FOXM1. A ChIP-

sequencing effort for BMYB and MuvB found de novo enrichment for MYB, FOXM1 and

CHR binding sites in late cell cycle genes suggesting the possibility of co-regulation by all

three factors 53. RNAi knockdown of BMYB, MuvB, or FOXM1 reduced late cell cycle

gene expression resulting in delayed cell cycle progression 53, 83. Conditional knockout of

BMYB reduced late cell cycle gene expression and eliminated LIN9 and FOXM1 binding to

their promoters 81. Notably, the combined RNAi-knockdown of BMYB, FOXM1 and MuvB

revealed no additive effect on late cell cycle gene expression suggesting that these three

factors act through a common pathway 53. In addition, the MuvB core bound to the FOXM1

and was required for the recruitment of FOXM1 to promoters 53, 82. Strong evidence

supporting cooperative binding between BMYB and FOXM1 was provided by the

observation that mutation of the MYB binding site in the BIRC5 promoter eliminated

FOXM1 and LIN9 recruitment as well as BMYB binding and led to reduced peak gene

expression during G2 and mitosis 81. This complements the observation that BMYB, in

addition to the MuvB core, was also required for FOXM1 binding to promoters 53, 81.

FOXM1 appears to act downstream of BMYB, with MuvB serving as a bridge linking these

two factors. For example, knockdown of BMYB or MuvB reduced binding of FOXM1 to

late cell cycle promoters, whereas knockdown of FOXM1 did not affect BMYB or MuvB

binding to each other or to late cell cycle promoters 53. In addition, the MuvB core first

binds to BMYB during S phase and then to FOXM1 during G2. However, binding of

BMYB and FOXM1 to the MuvB core or to late cell cycle promoters does not appear to be

mutually exclusive. ChIP-ReChIP experiments revealed that FOXM1 can bind to same

promoter simultaneously with BMYB and the MuvB core 53 (Figure 3A).

How might BMYB and the MuvB core aid in the recruitment of FOXM1 to promoters? The

binding of MuvB and BMYB to their cognate target sequences may increase target

specificity for FOXM1 DNA binding. This might explain why the BMYB, FOXM1 and

CHR binding elements are co-enriched in several mitotic gene promoters 53. Interestingly,

the FOXM1 DNA binding domain has an unusually low affinity for its consensus sequence

TAAACA 92; hence FOXM1 may require cooperative binding with BMYB and MuvB to be

specifically recruited to its target promoters. In support of this model, a recent report

demonstrates that the CHR element is required for FOXM1 binding to the promoters of
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genes expressed late in the cell cycle 82. Thus, similar to the requirement for MYB binding

sites, FOXM1 also requires CHR sites for binding to late cell cycle promoters 81, 82.

Although BMYB and MuvB recruit FOXM1 to the late cell cycle promoters, full activation

of its transcriptional activity requires PLK1 dependent phosphorylation 93.

The transcriptional role of BMYB in higher eukaryotes is still unclear, thus its function

along with the MuvB core is still to be fully established. Recruitment of FOXM1 to BMYB-

MuvB may enable BMYB degradation and thereby relieve MuvB-mediated repression of the

late cell cycle genes (Figure 3A and 3B). In an alternative scenario, BMYB and FOXM1

may cooperate in a feed forward loop to activate gene expression. However, this scenario

does not explain why BMYB is degraded well before the start of mitosis. Perhaps, in a

manner similar to MYC, transactivation activity and ubiquitin-mediated degradation of

BMYB are tightly linked 94.

DREAM disruption in cancer

Changes in cell cycle gene levels are the most frequently observed differences when

expression profiles of normal and cancer tissue samples are compared 95. Increased levels of

cell cycle genes probably reflect, at least in part, tumours containing a higher fraction of

proliferating cells and a lower fraction of terminally differentiated cells compared to normal

tissue 96. However, not all tumours have a high fraction of proliferating cells and not all cell

cycle genes are over-expressed in tumours, indicating that for at least some tumours, there

may be de-regulation of specific cell cycle genes. Not surprisingly given their central role in

promoting late cell cycle gene expression, BMYB and FOXM1, and some of their gene

targets including BUB1, PLK1, AURKA and TOP2A are frequently over-expressed in

tumours and form part of the proliferation signature characteristic of high-grade tumours

with poor prognosis 1, 97. For example, high levels of BMYB (MYBL2) are associated with

poor prognosis in breast cancer 98. Notably, MYBL2 is a component of the breast cancer

gene expression signature adapted into the Oncotype Dx clinical biomarker test 99. This 21-

gene panel is widely used to evaluate the risk of recurrence in oestrogen receptor α (ERα,

encoded by ESR1) positive, lymph node negative, breast cancer. Oncotype Dx also contains

a group of BMYB and FOXM1 dependent late cell cycle genes, including CCNB1, AURKA

and BIRC5. MYBL2 is also a component of the 12-gene panel test for colon cancer

recurrence although in this test elevated levels of MYBL2 are predictive of improved

survival 100. In addition, LIN9 is one of the 70 genes that comprise the Mammaprint breast

cancer profile used to predict risk for metastasis 101.

Even though high BMYB levels are typically associated with poor outcomes, low levels of

BMYB have also been associated with cancer. Zebra fish with mutations in BMYB had

mitotic defects as well as an increased risk for developing cancer 74. Mice haplo-insufficient

for Mybl2 develop a variety of myeloid disorders including a myelodysplastic syndrome

(MDS) and myeloid leukaemia 102, 103. MYBL2 is present in the 20q locus that is frequently

deleted in human MDS 104, 105. Although the precise mechanism by which low levels of

BMYB expression translates into abnormal myeloid cell proliferation is unclear, it is likely

to involve BMYB's role in regulating cell cycle dependent gene expression.
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Increased expression of FOXM1 has been associated with poor outcomes in many types of

cancers. FOXM1 overexpression is correlated with poor prognosis in glioblastoma 106,

prostate 107, lung 108, oesophagus 109, pancreas 110, breast 111 and ovarian 112 cancers.

Interestingly, FOXM1 is part of the chromosomal instability 70 (CIN70) and CIN25 gene

signatures characteristic of aneuploid tumours 113. Although BMYB is not part of the CIN

signatures, several genes regulated by the BMYB-MuvB complex are over-represented in

the CIN70 and CIN25 signatures 53, 113.

It is not known if BMYB and FOXM1 overexpression reflects specific de-regulation due to

oncogenic mutations and copy number alterations or is due to their central role in controlling

late cell cycle gene expression in rapidly growing tumours. Overexpression of BMYB and

FOXM1 could potentially alter the balance between DREAM and BMYB-MuvB complexes

in a cell. BMYB and FOXM1 levels may be high in cells in which the DREAM function is

compromised though the loss of p130 or p107 24, DYRK1A 29, LATS1 or LATS2 43. It has

been reported that BMYB overexpression can rescue senescence induced by an activated

RAS oncogene in rodent cells 114. Alternatively, oncogenic mutations that enhance entry

into quiescence could enhance tumor survival. For example, DYRK1B is frequently

amplified and over-expressed in high-grade serous ovarian carcinoma 115, 116. It is possible

that high levels of DYRK1B could enhance DREAM formation by phosphorylation of S28-

LIN52 and enable tumors to escape from the effects of cytotoxic chemotherapy and other

stresses.

The balance between the DREAM and BMYB-MuvB complexes can be influenced by p53.

Recent studies have demonstrated that activation of p53 in cells treated with DNA damaging

agents leads to increased p130-DREAM occupancy and decreased BMYB binding at late

cell cycle gene promoters 117, 118. This p53-mediated shift in favour of DREAM is

dependent on p21117, 118. The p53-dependent induction of p21 can inhibit cyclin A–CDK2

dependent activation of BMYB and FOXM1 and reduce p130 phosphorylation, thereby

shifting the balance from BMYB-MuvB to DREAM (Figure 3B). The late cell cycle G2/M

genes with CHR elements in their promoters, including CDK1, CDC25C and CCNB1,

appear to be regulated by p53 mediated reactivation of the DREAM complex 117. It is

possible that when DNA damaged cells undergo a G2/M arrest, BMYB-MuvB is replaced

by DREAM on late cell cycle promoters 117, 119. Indeed, re-entry into the cell cycle and

progression through M phase after DNA damage requires re-expression of BMYB

suggesting the possibility that DREAM was bound to early promoters and subsequently

became de-activated to enable expression of BMYB 117. In this context, it will be important

to determine if DREAM-mediated repression contributes to the tumour suppressive function

of p53.

Conclusions and perspectives

The MuvB core provides an integrative control point for cell cycle dependent gene

expression. The MuvB core contains five proteins, LIN9, LIN37, LIN52, LIN54 and RBBP4

that remain together throughout the cell cycle and alternately bind to at least 3 different

transcription factors at distinct times of the cell cycle. The MuvB core binds to p130 and the

E2F4–DP1 transcription factor during quiescence to repress the expression of hundreds of
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cell cycle dependent genes. Upon entry into the cell cycle, p130 dissociates from the MuvB

core and from E2F promoters thereby permitting the activating E2Fs to transactivate the

early (G1/S) cell cycle genes. The MuvB core sequentially recruits BMYB during S phase

and then FOXM1 during G2 to promote the expression of the late (G2/M) cell cycle genes.

The switch from DREAM to BMYB-MuvB is highly regulated. At a minimum, the CDKs

disrupt the interaction of p130 with the MuvB core and promote BMYB-MuvB activation.

Opposing this, DYRK1A, and perhaps DYRK1B, have an essential role in enabling binding

of p130 to the MuvB core to form the DREAM complex and permit exit from the cell cycle

into quiescence.

The balance between the quiescent DREAM complex and the proliferative phase BMYB-

MuvB-FOXM1 complex is frequently perturbed in cancer. Deregulated cyclin and CDK

activity will disrupt DREAM as well as RB resulting in de-repression of the E2F dependent

cell cycle genes and activation of the late cell cycle genes. Loss of E2F6 120 and the atypical

E2F7 121 and E2F8 122-124 repressor E2Fs, which oppose activator E2F induced

transcription, may provide yet another means of increasing early cell cycle gene expression.

Alternatively, decreased levels of BMYB due to gene loss or increased DREAM formation

due to DYRK1A-B overexpression may enable cancer cells to exit the cell cycle and remain

dormant. Although RB may serve a distinct role in repressing activator E2F-dependent

transcription, it is not clear if the loss of RB and perturbation of DREAM can be

distinguished in cancer. This leaves open the question of whether there are separate roles for

RB and DREAM during quiescence and oncogene-induced senescence and in cancers.

Beyond quiescence and senescence, there are many unanswered questions regarding the role

of the MuvB core and the DREAM and BMYB–MuvB–FOXM1 complexes in cell cycle

regulation. The structure of the MuvB core is unknown. Although pS28-LIN52 is required

for the interaction of MuvB with p130, additional requirements for the interaction of the

MuvB core with BMYB and FOXM1 are still unknown. It is also unclear whether the MuvB

core contributes directly to promoter activation or repression or if additional factors, such as

chromatin remodelling enzymes or modified histones, cooperate with the MuvB core to

control cell cycle gene expression in mammalian cells as suggested by genetic studies in

worm and fly. Perhaps enhanced biochemistry techniques combining cross-linking with

mass-spectrometry will identify additional specific binding factors 125. Alternatively,

reconstitution of the MuvB core complex in vitro using chromatinized templates may

address these important questions.

It is also not clear whether the MuvB core regulates gene expression beyond the cell cycle.

Studies in fly have revealed a role for MMB-dREAM in olfactory receptor gene

expression 126, programmed cell death genes in neural tissues 127, and repression of germ

line gene expression in intestinal tissues 128. Perhaps isolation of the DREAM and BMYB-

MuvB complexes from distinct mammalian tissues will reveal functions in addition to cell

cycle control 129, 130. It is not known how the fly Myb-MuvB complex contributes to

chorion gene amplification14 and it remains to be determined if and how Myb and the MuvB

core contribute to DNA replication in fly or mammalian cells. Interestingly, while aberrant

DNA replication has been observed in MYBL2 knockout MEFs 102, it is unclear if this is the

outcome of a direct role of BMYB in DNA replication. There is some evidence that
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signalling from DNA damage influences the balance between DREAM and MYB-MuvB

complexes117, although the molecular details remain unknown. A related question is

whether the timing of BMYB degradation is regulated by specific events such as the

completion of DNA synthesis or signalling from DNA damage checkpoints. Identifying the

E3 ubiquitin ligase responsible for targeting BMYB to the proteasome could provide insight

into how a cell recognizes the end of S phase and start of G2.

In terms of cancer research, it will be important to determine if quiescence and the DREAM

complex play an important role in tumour biology. If so, for example, does DYRK1A or

DYRK1B function as tumour suppressors? Moreover, in a similar context, does the Hippo

tumour suppressor pathway regulate LATS1 and LATS2 activity in terms of the

phosphorylation of DYRK1A and DREAM assembly? Identifying tumours with loss of

DYRK1A or LATS may reveal a role for quiescence in tumour suppression. At a basic level

we also need to understand how oncogenic perturbations in cell cycle regulators impact

DREAM and the MuvB core and if they differentially perturb RB and the DREAM

complex. Given the frequency of FOXM1 overexpression in cancer, it is important to

determine whether its contribution to poor prognosis is due to its ability to promote late cell

cycle gene expression or whether this reflects additional activities. Lastly, despite the

challenges in targeting oncogenic transcription factors, BMYB, FOXM1 and MuvB all

undergo extensive post-translational modifications that could render them susceptible to

novel therapeutics.

References

1. Whitfield ML, et al. Identification of genes periodically expressed in the human cell cycle and their
expression in tumors. Mol Biol Cell. 2002; 13:1977–2000. [PubMed: 12058064]

2. Ferguson EL, Sternberg PW, Horvitz HR. A genetic pathway for the specification of the vulval cell
lineages of Caenorhabditis elegans. Nature. 1987; 326:259–67. [PubMed: 2881214]

3. Aroian RV, Koga M, Mendel JE, Ohshima Y, Sternberg PW. The let-23 gene necessary for
Caenorhabditis elegans vulval induction encodes a tyrosine kinase of the EGF receptor subfamily.
Nature. 1990; 348:693–9. [PubMed: 1979659]

4. Beitel GJ, Clark SG, Horvitz HR. Caenorhabditis elegans ras gene let-60 acts as a switch in the
pathway of vulval induction. Nature. 1990; 348:503–9. [PubMed: 2123303]

5. Han M, Sternberg PW. let-60, a gene that specifies cell fates during C. elegans vulval induction,
encodes a ras protein. Cell. 1990; 63:921–31. [PubMed: 2257629]

6. Ferguson EL, Horvitz HR. The multivulva phenotype of certain Caenorhabditis elegans mutants
results from defects in two functionally redundant pathways. Genetics. 1989; 123:109–21.
[PubMed: 2806880]

7. Harrison MM, Lu X, Horvitz HR. LIN-61, one of two Caenorhabditis elegans malignant-brain-
tumor-repeat-containing proteins, acts with the DRM and NuRD-like protein complexes in vulval
development but not in certain other biological processes. Genetics. 2007; 176:255–71. [PubMed:
17409073]

8. Ceol CJ, Horvitz HR. dpl-1 DP and efl-1 E2F act with lin-35 Rb to antagonize Ras signaling in C.
elegans vulval development. Mol Cell. 2001; 7:461–73. [PubMed: 11463372]

9. Fay DS, Han M. The synthetic multivulval genes of C. elegans: functional redundancy, Ras-
antagonism, and cell fate determination. Genesis. 2000; 26:279–84. [PubMed: 10748467]

10. Beitel GJ, Lambie EJ, Horvitz HR. The C. elegans gene lin-9,which acts in an Rb-related pathway,
is required for gonadal sheath cell development and encodes a novel protein. Gene. 2000;
254:253–63. [PubMed: 10974557]

Sadasivam and DeCaprio Page 13

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



11. Thomas JH, Ceol CJ, Schwartz HT, Horvitz HR. New genes that interact with lin-35 Rb to
negatively regulate the let-60 ras pathway in Caenorhabditis elegans. Genetics. 2003; 164:135–51.
[PubMed: 12750327]

12. Ceol CJ, Horvitz HR. A new class of C. elegans synMuv genes implicates a Tip60/NuA4-like HAT
complex as a negative regulator of Ras signaling. Dev Cell. 2004; 6:563–76. [PubMed: 15068795]

13. Calvi BR, Spradling AC. Chorion gene amplification in Drosophila: A model for metazoan origins
of DNA replication and S-phase control. Methods. 1999; 18:407–17. [PubMed: 10455001]

14. Beall EL, et al. Role for a Drosophila Myb-containing protein complex in site-specific DNA
replication. Nature. 2002; 420:833–7. [PubMed: 12490953]

15. Lewis PW, et al. Identification of a Drosophila Myb-E2F2/RBF transcriptional repressor complex.
Genes Dev. 2004; 18:2929–40. [PubMed: 15545624]

16. Beall EL, Bell M, Georlette D, Botchan MR. Dm-myb mutant lethality in Drosophila is dependent
upon mip130: positive and negative regulation of DNA replication. Genes Dev. 2004; 18:1667–80.
[PubMed: 15256498]

17. Korenjak M, et al. Native E2F/RBF complexes contain Myb-interacting proteins and repress
transcription of developmentally controlled E2F target genes. Cell. 2004; 119:181–93. [PubMed:
15479636]

18. Dimova DK, Stevaux O, Frolov MV, Dyson NJ. Cell cycle-dependent and cell cycle-independent
control of transcription by the Drosophila E2F/RB pathway. Genes Dev. 2003; 17:2308–20.
[PubMed: 12975318]

19. Taylor-Harding B, Binne UK, Korenjak M, Brehm A, Dyson NJ. p55, the Drosophila ortholog of
RbAp46/RbAp48, is required for the repression of dE2F2/RBF-regulated genes. Mol Cell Biol.
2004; 24:9124–36. [PubMed: 15456884]

20. Harrison MM, Ceol CJ, Lu X, Horvitz HR. Some C. elegans class B synthetic multivulva proteins
encode a conserved LIN-35 Rb-containing complex distinct from a NuRD-like complex. Proc Natl
Acad Sci U S A. 2006; 103:16782–7. [PubMed: 17075059]

21. Davidson CJ, Guthrie EE, Lipsick JS. Duplication and maintenance of the Myb genes of vertebrate
animals. Biol Open. 2013; 2:101–10. [PubMed: 23431116]

22. Gagrica S, et al. Inhibition of oncogenic transformation by mammalian Lin-9, a pRB-associated
protein. EMBO J. 2004; 23:4627–38. [PubMed: 15538385]

23. Sandoval R, et al. A mutant allele of BARA/LIN-9 rescues the cdk4−/− phenotype by releasing the
repression on E2F-regulated genes. Exp Cell Res. 2006; 312:2465–75. [PubMed: 16730350]

24. Litovchick L, et al. Evolutionarily conserved multisubunit RBL2/p130 and E2F4 protein complex
represses human cell cycle-dependent genes in quiescence. Mol Cell. 2007; 26:539–51. [PubMed:
17531812]

25. Schmit F, et al. LINC, a human complex that is related to pRB-containing complexes in
invertebrates regulates the expression of G2/M genes. Cell Cycle. 2007; 6:1903–13. [PubMed:
17671431]

26. Pilkinton M, Sandoval R, Colamonici OR. Mammalian Mip/LIN-9 interacts with either the p107,
p130/E2F4 repressor complex or B-Myb in a cell cycle-phase-dependent context distinct from the
Drosophila dREAM complex. Oncogene. 2007; 26:7535–43. [PubMed: 17563750]

27. Joaquin M, Bessa M, Saville MK, Watson RJ. B-Myb overcomes a p107-mediated cell
proliferation block by interacting with an N-terminal domain of p107. Oncogene. 2002; 21:7923–
32. [PubMed: 12439743]

28. Chicas A, et al. Dissecting the unique role of the retinoblastoma tumor suppressor during cellular
senescence. Cancer Cell. 2010; 17:376–87. [PubMed: 20385362]

29. Litovchick L, Florens LA, Swanson SK, Washburn MP, DeCaprio JA. DYRK1A protein kinase
promotes quiescence and senescence through DREAM complex assembly. Genes Dev. 2011;
25:801–13. [PubMed: 21498570]

30. Takahashi Y, Rayman JB, Dynlacht BD. Analysis of promoter binding by the E2F and pRB
families in vivo: distinct E2F proteins mediate activation and repression. Genes Dev. 2000;
14:804–16. [PubMed: 10766737]

Sadasivam and DeCaprio Page 14

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



31. Tedesco D, Lukas J, Reed SI. The pRb-related protein p130 is regulated by phosphorylation-
dependent proteolysis via the protein-ubiquitin ligase SCF(Skp2). Genes Dev. 2002; 16:2946–57.
[PubMed: 12435635]

32. Georlette D, et al. Genomic profiling and expression studies reveal both positive and negative
activities for the Drosophila Myb MuvB/dREAM complex in proliferating cells. Genes Dev. 2007;
21:2880–96. [PubMed: 17978103]

33. Hurford RK Jr. Cobrinik D, Lee MH, Dyson N. pRB and p107/p130 are required for the regulated
expression of different sets of E2F responsive genes. Genes Dev. 1997; 11:1447–63. [PubMed:
9192872]

34. Reichert N, et al. Lin9, a subunit of the mammalian DREAM complex, is essential for embryonic
development, for survival of adult mice, and for tumor suppression. Mol Cell Biol. 2010; 30:2896–
908. [PubMed: 20404087]

35. Gaubatz S, et al. E2F4 and E2F5 play an essential role in pocket protein-mediated G1 control. Mol
Cell. 2000; 6:729–35. [PubMed: 11030352]

36. Zhu W, Giangrande PH, Nevins JR. E2Fs link the control of G1/S and G2/M transcription. EMBO
J. 2004; 23:4615–26. [PubMed: 15510213]

37. Muller GA, Engeland K. The central role of CDE/CHR promoter elements in the regulation of cell
cycle-dependent gene transcription. FEBS J. 2010; 277:877–93. [PubMed: 20015071]

38. Muller GA, et al. The CHR promoter element controls cell cycle-dependent gene transcription and
binds the DREAM and MMB complexes. Nucleic Acids Res. 2012; 40:1561–78. [PubMed:
22064854]

39. Schmit F, Cremer S, Gaubatz S. LIN54 is an essential core subunit of the DREAM/LINC complex
that binds to the cdc2 promoter in a sequence-specific manner. FEBS J. 2009; 276:5703–16.
[PubMed: 19725879]

40. Catchpole S, Tavner F, Le Cam L, Sardet C, Watson RJ. A B-myb promoter corepressor site
facilitates in vivo occupation of the adjacent E2F site by p107 × E2F and p130 × E2F complexes. J
Biol Chem. 2002; 277:39015–24. [PubMed: 12147683]

41. Nakajima Y, Yamada S, Kamata N, Ikeda MA. Interaction of E2F-Rb family members with
corepressors binding to the adjacent E2F site. Biochem Biophys Res Commun. 2007; 364:1050–5.
[PubMed: 17976373]

42. Aranda S, Laguna A, de la Luna S. DYRK family of protein kinases: evolutionary relationships,
biochemical properties, and functional roles. FASEB J. 2011; 25:449–62. [PubMed: 21048044]

43. Tschop K, et al. A kinase shRNA screen links LATS2 and the pRB tumor suppressor. Genes Dev.
2011; 25:814–30. [PubMed: 21498571]

44. Zhao B, Li L, Tumaneng K, Wang CY, Guan KL. A coordinated phosphorylation by Lats and CK1
regulates YAP stability through SCF(beta-TRCP). Genes Dev. 2010; 24:72–85. [PubMed:
20048001]

45. Wang K, Degerny C, Xu M, Yang XJ. YAP, TAZ, and Yorkie: a conserved family of signal-
responsive transcriptional coregulators in animal development and human disease. Biochem Cell
Biol. 2009; 87:77–91. [PubMed: 19234525]

46. Harvey KF, Zhang X, Thomas DM. The Hippo pathway and human cancer. Nat Rev Cancer. 2013;
13:246–57. [PubMed: 23467301]

47. Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo signaling pathway coordinately
regulates cell proliferation and apoptosis by inactivating Yorkie, the Drosophila Homolog of YAP.
Cell. 2005; 122:421–34. [PubMed: 16096061]

48. Zhao B, et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact
inhibition and tissue growth control. Genes Dev. 2007; 21:2747–61. [PubMed: 17974916]

49. Hao Y, Chun A, Cheung K, Rashidi B, Yang X. Tumor suppressor LATS1 is a negative regulator
of oncogene YAP. J Biol Chem. 2008; 283:5496–509. [PubMed: 18158288]

50. Nishioka N, et al. The Hippo signaling pathway components Lats and Yap pattern Tead4 activity
to distinguish mouse trophectoderm from inner cell mass. Dev Cell. 2009; 16:398–410. [PubMed:
19289085]

Sadasivam and DeCaprio Page 15

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



51. Sandoval R, Pilkinton M, Colamonici OR. Deletion of the p107/p130-binding domain of Mip130/
LIN-9 bypasses the requirement for CDK4 activity for the dissociation of Mip130/LIN-9 from
p107/p130-E2F4 complex. Exp Cell Res. 2009; 315:2914–20. [PubMed: 19619530]

52. Nor Rashid N, Yusof R, Watson RJ. Disruption of repressive p130-DREAM complexes by human
papillomavirus 16 E6/E7 oncoproteins is required for cell-cycle progression in cervical cancer
cells. J Gen Virol. 2011; 92:2620–7. [PubMed: 21813705]

53. Sadasivam S, Duan S, DeCaprio JA. The MuvB complex sequentially recruits B-Myb and FoxM1
to promote mitotic gene expression. Genes Dev. 2012; 26:474–89. [PubMed: 22391450]

54. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and p16INK4a. Cell. 1997; 88:593–602.
[PubMed: 9054499]

55. Collado M, Serrano M. Senescence in tumours: evidence from mice and humans. Nat Rev Cancer.
2010; 10:51–7. [PubMed: 20029423]

56. Kosar M, et al. Senescence-associated heterochromatin foci are dispensable for cellular
senescence, occur in a cell type- and insult-dependent manner and follow expression of
p16(ink4a). Cell Cycle. 2011; 10:457–68. [PubMed: 21248468]

57. Knight AS, Notaridou M, Watson RJ. A Lin-9 complex is recruited by B-Myb to activate
transcription of G2/M genes in undifferentiated embryonal carcinoma cells. Oncogene. 2009;
28:1737–47. [PubMed: 19252525]

58. Lam EW, Robinson C, Watson RJ. Characterization and cell cycle-regulated expression of mouse
B-myb. Oncogene. 1992; 7:1885–90. [PubMed: 1501895]

59. Pilkinton M, Sandoval R, Song J, Ness SA, Colamonici OR. Mip/LIN-9 regulates the expression of
B-Myb and the induction of cyclin A, cyclin B, and CDK1. J Biol Chem. 2007; 282:168–75.
[PubMed: 17098733]

60. Sala A. B-MYB, a transcription factor implicated in regulating cell cycle, apoptosis and cancer.
Eur J Cancer. 2005; 41:2479–84. [PubMed: 16198555]

61. Joaquin M, Watson RJ. Cell cycle regulation by the B-Myb transcription factor. Cell Mol Life Sci.
2003; 60:2389–401. [PubMed: 14625684]

62. Zhan M, et al. The B-MYB transcriptional network guides cell cycle progression and fate decisions
to sustain self-renewal and the identity of pluripotent stem cells. PLoS One. 2012; 7:e42350.
[PubMed: 22936984]

63. Ansieau S, Kowenz-Leutz E, Dechend R, Leutz A. B-Myb, a repressed trans-activating protein. J
Mol Med. 1997; 75:815–9. [PubMed: 9428611]

64. Lane S, Farlie P, Watson R. B-Myb function can be markedly enhanced by cyclin A-dependent
kinase and protein truncation. Oncogene. 1997; 14:2445–53. [PubMed: 9188859]

65. Sala A, et al. Activation of human B-MYB by cyclins. Proc Natl Acad Sci U S A. 1997; 94:532–6.
[PubMed: 9012818]

66. Ziebold U, Bartsch O, Marais R, Ferrari S, Klempnauer KH. Phosphorylation and activation of B-
Myb by cyclin A-Cdk2. Curr Biol. 1997; 7:253–60. [PubMed: 9094315]

67. Johnson TK, Schweppe RE, Septer J, Lewis RE. Phosphorylation of B Myb regulates its
transactivation potential and DNA binding. J Biol Chem. 1999; 274:36741–9. [PubMed:
10593981]

68. Saville MK, Watson RJ. The cell-cycle regulated transcription factor B-Myb is phosphorylated by
cyclin A/Cdk2 at sites that enhance its transactivation properties. Oncogene. 1998; 17:2679–89.
[PubMed: 9840932]

69. Katzen AL, et al. Drosophila myb is required for the G2/M transition and maintenance of diploidy.
Genes Dev. 1998; 12:831–43. [PubMed: 9512517]

70. Okada M, Akimaru H, Hou DX, Takahashi T, Ishii S. Myb controls G(2)/M progression by
inducing cyclin B expression in the Drosophila eye imaginal disc. EMBO J. 2002; 21:675–84.
[PubMed: 11847115]

71. Wen H, Andrejka L, Ashton J, Karess R, Lipsick JS. Epigenetic regulation of gene expression by
Drosophila Myb and E2F2-RBF via the Myb-MuvB/dREAM complex. Genes Dev. 2008; 22:601–
14. [PubMed: 18316477]

Sadasivam and DeCaprio Page 16

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



72. Fung SM, Ramsay G, Katzen AL. Mutations in Drosophila myb lead to centrosome amplification
and genomic instability. Development. 2002; 129:347–59. [PubMed: 11807028]

73. Manak JR, Mitiku N, Lipsick JS. Mutation of the Drosophila homologue of the Myb
protooncogene causes genomic instability. Proc Natl Acad Sci U S A. 2002; 99:7438–43.
[PubMed: 12032301]

74. Shepard JL, et al. A zebrafish bmyb mutation causes genome instability and increased cancer
susceptibility. Proc Natl Acad Sci U S A. 2005; 102:13194–9. [PubMed: 16150706]

75. Osterloh L, et al. The human synMuv-like protein LIN-9 is required for transcription of G2/M
genes and for entry into mitosis. EMBO J. 2007; 26:144–57. [PubMed: 17159899]

76. Beall EL, et al. Discovery of tMAC: a Drosophila testis-specific meiotic arrest complex paralogous
to Myb-Muv B. Genes Dev. 2007; 21:904–19. [PubMed: 17403774]

77. Davidson CJ, Tirouvanziam R, Herzenberg LA, Lipsick JS. Functional evolution of the vertebrate
Myb gene family: B-Myb, but neither A-Myb nor c-Myb, complements Drosophila Myb in
hemocytes. Genetics. 2005; 169:215–29. [PubMed: 15489525]

78. Kittler R, et al. Genome-scale RNAi profiling of cell division in human tissue culture cells. Nat
Cell Biol. 2007; 9:1401–12. [PubMed: 17994010]

79. Matsuo T, Kuramoto H, Kumazaki T, Mitsui Y, Takahashi T. LIN54 harboring a mutation in CHC
domain is localized to the cytoplasm and inhibits cell cycle progression. Cell Cycle. 2012;
11:3227–36. [PubMed: 22895175]

80. Charrasse S, Carena I, Brondani V, Klempnauer KH, Ferrari S. Degradation of B-Myb by
ubiquitin-mediated proteolysis: involvement of the Cdc34-SCF(p45Skp2) pathway. Oncogene.
2000; 19:2986–95. [PubMed: 10871850]

81. Down CF, Millour J, Lam EW, Watson RJ. Binding of FoxM1 to G2/M gene promoters is
dependent upon B-Myb. Biochim Biophys Acta. 2012; 1819:855–62. [PubMed: 22513242]

82. Chen X, et al. The Forkhead Transcription Factor FOXM1 Controls Cell Cycle-Dependent Gene
Expression through an Atypical Chromatin Binding Mechanism. Mol Cell Biol. 2013; 33:227–36.
[PubMed: 23109430]

83. Laoukili J, et al. FoxM1 is required for execution of the mitotic programme and chromosome
stability. Nat Cell Biol. 2005; 7:126–36. [PubMed: 15654331]

84. Wang IC, et al. Forkhead box M1 regulates the transcriptional network of genes essential for
mitotic progression and genes encoding the SCF (Skp2-Cks1) ubiquitin ligase. Mol Cell Biol.
2005; 25:10875–94. [PubMed: 16314512]

85. Korver W, Roose J, Wilson A, Clevers H. The winged-helix transcription factor Trident is
expressed in actively dividing lymphocytes. Immunobiology. 1997; 198:157–61. [PubMed:
9442387]

86. Laoukili J, et al. Activation of FoxM1 during G2 requires cyclin A/Cdk-dependent relief of
autorepression by the FoxM1 N-terminal domain. Mol Cell Biol. 2008; 28:3076–87. [PubMed:
18285455]

87. Park HJ, Costa RH, Lau LF, Tyner AL, Raychaudhuri P. Anaphase-promoting complex/
cyclosome-CDH1-mediated proteolysis of the forkhead box M1 transcription factor is critical for
regulated entry into S phase. Mol Cell Biol. 2008; 28:5162–71. [PubMed: 18573889]

88. Korver W, et al. Uncoupling of S phase and mitosis in cardiomyocytes and hepatocytes lacking the
winged-helix transcription factor Trident. Curr Biol. 1998; 8:1327–30. [PubMed: 9843684]

89. Lefebvre C, et al. A human B-cell interactome identifies MYB and FOXM1 as master regulators of
proliferation in germinal centers. Mol Syst Biol. 2010; 6:377. [PubMed: 20531406]

90. Zhou Y, Ness SA. Myb proteins: angels and demons in normal and transformed cells. Front Biosci.
2011; 16:1109–31.

91. Lorvellec M, et al. B-Myb is critical for proper DNA duplication during an unperturbed S phase in
mouse embryonic stem cells. Stem Cells. 2010; 28:1751–9. [PubMed: 20715180]

92. Littler DR, et al. Structure of the FoxM1 DNA-recognition domain bound to a promoter sequence.
Nucleic Acids Res. 2010; 38:4527–38. [PubMed: 20360045]

93. Fu Z, et al. Plk1-dependent phosphorylation of FoxM1 regulates a transcriptional programme
required for mitotic progression. Nat Cell Biol. 2008; 10:1076–82. [PubMed: 19160488]

Sadasivam and DeCaprio Page 17

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



94. Thomas LR, Tansey WP. Proteolytic control of the oncoprotein transcription factor Myc. Adv
Cancer Res. 2011; 110:77–106. [PubMed: 21704229]

95. Whitfield ML, George LK, Grant GD, Perou CM. Common markers of proliferation. Nat Rev
Cancer. 2006; 6:99–106. [PubMed: 16491069]

96. Rhodes DR, et al. Large-scale meta-analysis of cancer microarray data identifies common
transcriptional profiles of neoplastic transformation and progression. Proc Natl Acad Sci U S A.
2004; 101:9309–14. [PubMed: 15184677]

97. Perou CM, et al. Molecular portraits of human breast tumours. Nature. 2000; 406:747–52.
[PubMed: 10963602]

98. Thorner AR, et al. In vitro and in vivo analysis of B-Myb in basal-like breast cancer. Oncogene.
2009; 28:742–51. [PubMed: 19043454]

99. Paik S, et al. A multigene assay to predict recurrence of tamoxifen-treated, node-negative breast
cancer. N Engl J Med. 2004; 351:2817–26. [PubMed: 15591335]

100. O'Connell MJ, et al. Relationship between tumor gene expression and recurrence in four
independent studies of patients with stage II/III colon cancer treated with surgery alone or
surgery plus adjuvant fluorouracil plus leucovorin. J Clin Oncol. 2010; 28:3937–44. [PubMed:
20679606]

101. Tian S, et al. Biological functions of the genes in the mammaprint breast cancer profile reflect the
hallmarks of cancer. Biomark Insights. 2010; 5:129–38. [PubMed: 21151591]

102. Garcia P, Berlanga O, Watson R, Frampton J. Generation of a conditional allele of the B-myb
gene. Genesis. 2005; 43:189–95. [PubMed: 16283626]

103. Clarke M, et al. MYBL2 haploinsufficiency increases susceptibility to age-related haematopoietic
neoplasia. Leukemia. 2013; 27:661–70. [PubMed: 22910183]

104. Testa JR, Kinnealey A, Rowley JD, Golde DW, Potter D. Deletion of the long arm of
chromosome 20 [del(20)(q11)] in myeloid disorders. Blood. 1978; 52:868–77. [PubMed:
698393]

105. Mullier F, et al. Morphology, cytogenetics, and survival in myelodysplasia with del(20q) or
ider(20q): a multicenter study. Ann Hematol. 2012; 91:203–13. [PubMed: 21744002]

106. Liu M, et al. FoxM1B is overexpressed in human glioblastomas and critically regulates the
tumorigenicity of glioma cells. Cancer Res. 2006; 66:3593–602. [PubMed: 16585184]

107. Kalin TV, et al. Increased levels of the FoxM1 transcription factor accelerate development and
progression of prostate carcinomas in both TRAMP and LADY transgenic mice. Cancer Res.
2006; 66:1712–20. [PubMed: 16452231]

108. Kim IM, et al. The Forkhead Box m1 transcription factor stimulates the proliferation of tumor
cells during development of lung cancer. Cancer Res. 2006; 66:2153–61. [PubMed: 16489016]

109. Dibb M, et al. The FOXM1-PLK1 axis is commonly upregulated in oesophageal adenocarcinoma.
Br J Cancer. 2012; 107:1766–75. [PubMed: 23037713]

110. Wang Z, Banerjee S, Kong D, Li Y, Sarkar FH. Down-regulation of Forkhead Box M1
transcription factor leads to the inhibition of invasion and angiogenesis of pancreatic cancer cells.
Cancer Res. 2007; 67:8293–300. [PubMed: 17804744]

111. Francis RE, et al. FoxM1 is a downstream target and marker of HER2 overexpression in breast
cancer. Int J Oncol. 2009; 35:57–68. [PubMed: 19513552]

112. Lok GT, et al. Aberrant activation of ERK/FOXM1 signaling cascade triggers the cell migration/
invasion in ovarian cancer cells. PLoS One. 2011; 6:e23790. [PubMed: 21858223]

113. Carter SL, Eklund AC, Kohane IS, Harris LN, Szallasi Z. A signature of chromosomal instability
inferred from gene expression profiles predicts clinical outcome in multiple human cancers. Nat
Genet. 2006; 38:1043–8. [PubMed: 16921376]

114. Masselink H, Vastenhouw N, Bernards R. B-myb rescues ras-induced premature senescence,
which requires its transactivation domain. Cancer Lett. 2001; 171:87–101. [PubMed: 11485831]

115. TCGA. Integrated genomic analyses of ovarian carcinoma. Nature. 2011; 474:609–15. [PubMed:
21720365]

116. Hu J, Deng H, Friedman EA. Ovarian cancer cells, not normal cells, are damaged by Mirk/
Dyrk1B kinase inhibition. Int J Cancer. 2013; 132:2258–69. [PubMed: 23114871]

Sadasivam and DeCaprio Page 18

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



117. Mannefeld M, Klassen E, Gaubatz S. B-MYB is required for recovery from the DNA damage-
induced G2 checkpoint in p53 mutant cells. Cancer Res. 2009; 69:4073–80. [PubMed:
19383908]

118. Quaas M, Muller GA, Engeland K. p53 can repress transcription of cell cycle genes through a
p21(WAF1/CIP1)-dependent switch from MMB to DREAM protein complex binding at CHR
promoter elements. Cell Cycle. 2012; 11:4661–72. [PubMed: 23187802]

119. Toettcher JE, et al. Distinct mechanisms act in concert to mediate cell cycle arrest. Proc Natl
Acad Sci U S A. 2009; 106:785–90. [PubMed: 19139404]

120. Giangrande PH, et al. A role for E2F6 in distinguishing G1/S- and G2/M-specific transcription.
Genes Dev. 2004; 18:2941–51. [PubMed: 15574595]

121. Westendorp B, et al. E2F7 represses a network of oscillating cell cycle genes to control S-phase
progression. Nucleic Acids Res. 2012; 40:3511–23. [PubMed: 22180533]

122. Christensen J, et al. Characterization of E2F8, a novel E2F-like cell-cycle regulated repressor of
E2F-activated transcription. Nucleic Acids Res. 2005; 33:5458–70. [PubMed: 16179649]

123. Logan N, et al. E2F-8: an E2F family member with a similar organization of DNA-binding
domains to E2F-7. Oncogene. 2005; 24:5000–4. [PubMed: 15897886]

124. Maiti B, et al. Cloning and characterization of mouse E2F8, a novel mammalian E2F family
member capable of blocking cellular proliferation. J Biol Chem. 2005; 280:18211–20. [PubMed:
15722552]

125. Mohammed H, et al. Endogenous Purification Reveals GREB1 as a Key Estrogen Receptor
Regulatory Factor. Cell Rep. 2013; 3:342–9. [PubMed: 23403292]

126. Sim CK, Perry S, Tharadra SK, Lipsick JS, Ray A. Epigenetic regulation of olfactory receptor
gene expression by the Myb-MuvB/dREAM complex. Genes Dev. 2012; 26:2483–98. [PubMed:
23105004]

127. Rovani MK, Brachmann CB, Ramsay G, Katzen AL. The dREAM/Myb-MuvB complex and
Grim are key regulators of the programmed death of neural precursor cells at the Drosophila
posterior wing margin. Dev Biol. 2012; 372:88–102. [PubMed: 22960039]

128. Petrella LN, et al. synMuv B proteins antagonize germline fate in the intestine and ensure C.
elegans survival. Development. 2011; 138:1069–79. [PubMed: 21343362]

129. Lewis PW, et al. Drosophila lin-52 acts in opposition to repressive components of the Myb-
MuvB/dREAM complex. Mol Cell Biol. 2012; 32:3218–27. [PubMed: 22688510]

130. Tabuchi TM, et al. Chromosome-biased binding and gene regulation by the Caenorhabditis
elegans DRM complex. PLoS Genet. 2011; 7:e1002074. [PubMed: 21589891]

131. Swanton C, et al. Herpes viral cyclin/Cdk6 complexes evade inhibition by CDK inhibitor
proteins. Nature. 1997; 390:184–7. [PubMed: 9367157]

132. Ellis M, et al. Degradation of p27(Kip) cdk inhibitor triggered by Kaposi's sarcoma virus cyclin-
cdk6 complex. EMBO J. 1999; 18:644–53. [PubMed: 9927424]

133. Aksoy O, et al. The atypical E2F family member E2F7 couples the p53 and RB pathways during
cellular senescence. Genes Dev. 2012; 26:1546–57. [PubMed: 22802529]

134. Carvajal LA, Hamard PJ, Tonnessen C, Manfredi JJ. E2F7, a novel target, is up-regulated by p53
and mediates DNA damage-dependent transcriptional repression. Genes Dev. 2012; 26:1533–45.
[PubMed: 22802528]

135. Chen HZ, et al. Canonical and atypical E2Fs regulate the mammalian endocycle. Nat Cell Biol.
2012; 14:1192–202. [PubMed: 23064266]

136. Slansky JE, Farnham PJ. Introduction to the E2F family: protein structure and gene regulation.
Curr Top Microbiol Immunol. 1996; 208:1–30. [PubMed: 8575210]

137. Tao Y, Kassatly RF, Cress WD, Horowitz JM. Subunit composition determines E2F DNA-
binding site specificity. Mol Cell Biol. 1997; 17:6994–7007. [PubMed: 9372931]

138. Ness SA, Marknell A, Graf T. The v-myb oncogene product binds to and activates the
promyelocyte-specific mim-1 gene. Cell. 1989; 59:1115–25. [PubMed: 2688896]

139. Mizuguchi G, et al. DNA binding activity and transcriptional activator function of the human B-
myb protein compared with c-MYB. J Biol Chem. 1990; 265:9280–4. [PubMed: 2160970]

Sadasivam and DeCaprio Page 19

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



140. Korver W, Roose J, Clevers H. The winged-helix transcription factor Trident is expressed in
cycling cells. Nucleic Acids Res. 1997; 25:1715–9. [PubMed: 9108152]

Sadasivam and DeCaprio Page 20

Nat Rev Cancer. Author manuscript; available in PMC 2014 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Box 1. RB mediated cell cycle progression

The control of the cell cycle by RB, the product of the retinoblastoma tumour suppressor

gene (RB1), has long been recognized. The central tenet has been that hypo-

phosphorylated RB binds to E2F transcription factors during G1 and inhibits cell cycle

dependent, E2F-mediated, gene expression. RB preferentially binds to the activating E2F

transcription factors, E2F1, E2F2 and E2F3, with their dimerization partners DP1, DP2

and DP3 and represses their activity. The activating E2Fs promote expression of genes

required for DNA synthesis during G1/S. Phosphorylation by cyclin D–cyclin dependent

kinase 4 (CDK4) and cyclin E–CDK2 releases RB from E2F transcription factors and

thereby permits cell cycle gene expression. However, the control of entry into S phase by

RB does not fully account for how gene expression is regulated throughout the cell cycle.
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Figure 1. Differential cell cycle control by RB and DREAM
A. RB mediated repression of the activator E2Fs is relieved after cells pass the restriction

point. Cyclins D and E in complex with cyclin dependent kinases (CDKs) relieve RB-

mediated repression of E2F. The activator E2Fs including E2F1, E2F2 and E2F3 contribute

to expression of the early cell cycle genes during the G1 to S phase transition (green arrow).

RB may restrict E2F dependent gene expression during DNA damage signalling or

oncogene-induced senescence. The classic model of the RB-E2F pathway depicted here

does not account for the expression of G2/M late cell cycle genes (blue arrow) during G2/M.

Perturbations in RB control of E2F activity occur in most cancer types and include

inactivating mutations of the RB gene itself, increased CDK activity due to overexpression

of cyclins D and E or loss of FBXW7, decreased expression of CDK inhibitors such as

p16INK4a and p21, or expression of viral cyclins such as KSHV viral cyclin that binds to

cellular CDKs and renders them resistant to inhibition by CDK inhibitors 131, 132. In

addition, the viral oncoproteins, papilloma virus E7, polyomavirus large T antigen or

adenovirus E1A can bind to RB and dissociate it from E2F.

B. The central role of the MuvB core in binding and directing key transcription factors to the

promoters of cell cycle genes during various cell cycle phases. MuvB binds p130-E2F4-DP

to form DREAM in G0 and repress all cell cycle dependent gene expression. Association of

the MuvB core with p130-E2F4 is dependent on DYRK1A-mediated phosphorylation of the

MuvB subunit, LIN52. The MuvB core sequentially recruits BMYB during S phase and then

FOXM1 to the promoters of the G2/M genes. In all three instances, the MuvB core is

essential for targeting the complexes to specific sets of cell cycle gene promoters.
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Figure 2. Common themes of repression connect the Muv genes and their homologs
A. Functional antagonism between the MuvB and RAS pathways is evolutionarily

conserved. The pathway for development of the vulva in Caenorhabditis elegans is initiated

through LIN-3, an epidermal growth factor (EGF)-like ligand. Cells in closer proximity to

the anchor cell receive greater amounts of the LIN-3 signal (thick green arrow), and activate

a RAS signalling cascade to ultimately acquire a vulval fate (V). Cells farther away receive

lesser amounts of the LIN-3 signal (thin green arrows) and develop the hypodermal fate (H).

Increased levels of LIN-3 are required to overcome the repressive effects of the synthetic
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multi-vulval (synMuv) class of genes (A, B and C) on RAS signalling. Notably, homologs

of genes in the RB-E2F pathway feature predominantly as class B (MuvB) genes. In

Drosophila melanogaster, RB-E2F homologs as well as homologs of several synMuvB

genes are required to repress the group E genes, which show sex- and differentiation-

specific expression patterns.

B. Domains of human MuvB core subunits. Schematic of domains and residue number

present in subunits of the MuvB core complex as revealed by Entrez Conserved Domain

(CD)-search. The cysteine rich motif domain (CXC) may represent the specific DNA-

binding module of LIN54. LIN9 contains a domain in RB-related pathway (DIRP), present

in many eukaryotic genomes and its function is unknown. Retinoblastoma binding protein 4

(RBBP4) and its WD40 domain may recruit other proteins or modified histones.

C. The amino acid sequence surrounding Serine 28 (S28) residue in LIN52 is highly

conserved across several eukaryotic genomes. Domains present in DYRK1A, the kinase

responsible for phosphorylating LIN52 at S28 are shown.
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Figure 3. Tipping the balance from quiescence to proliferation in cancer
A. Differential regulation of early and late cell cycle gene expression. At least two major

peaks of cell cycle gene expression can be discerned during the cell cycle; occurring during

G1/S (green line) and G2/M (blue line). The DREAM complex represses both early and late

cell cycle gene expression during quiescence (red line). Activator E2Fs (in green) are

required for the expression of G1/S genes, while the MuvB core complex, BMYB and

FOXM1 (in blue) are required for the expression of G2/M late genes. BMYB and FOXM1

undergo phosphorylation and ubiquitin dependent destruction by the proteasome during S to

G2 phase and M to G1 phase transitions, respectively. Repressor E2Fs including E2F6-DP,

E2F7 and E2F8 contribute to repression of early or late cell cycle genes, particularly after

DNA damage 120, 122, 133-135.
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B. Loss of DREAM and gain in B-Myb, MuvB and FoxM1 in cancer. Factors over-

expressed or amplified (**) or lost (*) in cancers are indicated. The net effect results in loss

of DREAM and increased activity of BMYB-MuvB-FOXM1 driving cells out of quiescence

and to proliferation.
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Table 1

MuvB containing complexes and their orthologous components in human, fly and worm.
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Table 2

Sequence specific DNA elements bound by mammalian MuvB-containing complexes.

DNA Sequence Element Primary Sequence Consensus Transcription Factor Examples of Target Genes

Cell cycle genes Homology Region
(CHR)38, 39

5’-TTTGAA-3’ LIN54 / MuvB core CDC2, PLK1, AURKB, CKS1

Downstream Repression Site (DRS)40 5’-GGAAA-3’ p130/p107, E2F MYBL2

Cell cycle Dependent Element (CDE)37 5’-E2F site-NNNNCHR-3’ E2F? CDC2, AURKB, CKS1

E2F site 136, 137 5’-TTTSSCGC-3’ (S=G or C) Heterodimers of E2F1/2/3 or
E2F4/5 with DP1/2

PCNA, CDC6, POLA, E2F1

Myb-Recognition element
(MRE)81, 138, 139

5’-YAACKG-3’ (K=G or T) AMYB, BMYB and MYB CCNB1, CDC2, BIRC5

FOXM1 binding sequence140 5’-TAAACA-3’ FOXM1 CKS1, AURKB, CENPA
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